INTRODUCTION
Strong, tough, high temperature ceramic matrix composites are currently being developed for application in advanced heat engines.These new materials require new nondestructive inspection and material characterization techniques to insure the final integrity, as well as reduce the time require for development. One of the most promising of these new materials is SiC fiber-reinforced silicon nitride ceramic matrix composite (SiCr/ Si 3 N 4 ). The high temperature thermal and mechanical performance of ceramic matrix composites is strongly dependent on the thermal diffusivity and interfacial bond strength of the material. Previous work has shown a interaction between the thermal diffusivity and the fracture toughness of SiCtlSi3N4' A thermal imaging technique has been developed to provide rapid large area measurements of the thermal diffusivity perpendicular to the fiber direction in these composites. Results are presented for a series of SiCr/Si3N4 (reaction bonded silicon nitride) composite samples heat-treated under various conditions. These results are compared with previous experimental and analytical work in this field.
THERMAL DIFFUSIVITY IMAGING
A simple method for the determination of thermal diffusivity was first described in Review of Progress in Quantitative Nondestructive Evaluation, Vol. 12
Edited by 0,0. Thompson and D,E, Chimenti, Plenum Press, New York, 1993 1960 by Parker et al. [I] . The method uses a flash of thermal energy supplied to the front surface of the sample within a time interval which is short compared with the thermal transient time for the particular sample being measured. The temperature change on the back surface of the sample is then imaged with a infrared radiometer as described below. The temperature of the back surface for a sample of thickness L is given by: [1] where p,c,t and a are density, specific heat, time and diffusivity respectively. Additionally, Q is the amount of heat per unit area that is deposited on the front surface during the flash. This assumes uniform heating over the entire sample thus allowing for no lateral heat flow during the measurement.
Typically flash techniques involve calculating the diffusivity of the sample from the time require for the temperature at the back surface to achieve a portion of the maximum temperature obtained by the sample. For example, Parker et al. calculate the diffusivity from the time require for the temperature to achieve 1/2 of its maximum value (T 1/2). Therefore the accuracy of the technique is a function of the noise in the signal at or near T 1/2. For single point measure, where the detector is focus on a single point, the signal to noise ratio in the measurements is high and the noise level does not typically limit the accuracy of the measurement. However, for area measurements to the temperature, such as performed with an IR imager, the signal to noise ration is often on the order of 10 to 1, which does limit the accuracy of the diffusivity measurement at a single point in the sample for when using conventional techniques.
To increase the accuracy of the technique, a nonlinear least squares estimation of the diffusivity based on the time history of the back surface temperature is performed. This results in a significant increase in the accuracy of the technique, since all of the data is incorporated in the calculation of the diffusivity. To perform the diffusivity measurement, a time series of images of the back surface temperature are collected after the input heat pulse. The time evolution of the temperature at the back surface is found to be accurately represented by equation [1] at long times and 2Q [00 (((n+l)L)2)] T (L, t) = ,fiWj L exp 4 pc nat n = 0 at [2] for short times. The parameter used in the estimation routine are a and b where:
[3]
and [4]
If the sample thickness (L) is know then equation [4] can be solved to yield the diffusivity perpendicular to the sample surface. This is done point by point for the sample to produce a thermal diffusivity image for the sample.
EXPER~NTALSETUP&PROCEDURE
To produce the images of the thennal diffusivity of ceramic composite samples a measurement system was developed which uses a scanned imaging radiometer to produce a signal that can subsequently be digitized in the fonn of a thermal image. A sequence of these images can be digitized with a real-time image processor and the stored in memory. These images can then be numerically analyzed to determine the thennal diffusivity.
A block diagram of the experimental setup is shown in Figure 1 . The thennal images were produced using a commercial infrared (IR) radiometer which uses a scanned HgCdTe (Mercury -Cadmium -Telluride) liquid nitrogen cooled detector. The radiometer's minimum detectable temperature difference, cited by the manufacturer, is 0.15°C when operating the detector in the 8 to 12 micrometer wavelength range. The radiometer produces images at approximately 30 per second (video frame rates) in an RS 170 format compatible with standard video equipment. External optics, consisting of a 3x telescopic lens, using four germanium optical elements, were used to reduce the system field-of-view and the resolution element size by a factor of 3.
The signal from the radiometer is digitized and stored at video frame rates in a commercially available real-time image processor with a personal computer as a controller. The image processor has 8 megabytes of image memory available for storage making it possible to acquire 16 images, each of which contains 512 x 512, 16-bit deep pixels. The image processor can also subsample the incoming video signal producing 64 images of 256 x 256 16-bit deep pixels each. The computer is also configured with an input/output card which permits acquisition and production of analog and digital signals under program control.
The data collection and analysis techniques were selected to take advantage of the ability of the image processor to do 16-bit integer mathematics on the incoming video signal, at video frame rates. The 16-bit capacity allows for a number of 8-bit digitized images to be added together without exceeding the dynamic range of the image processor. An accumulation of the incoming video signal produces a "cyclic sum," which enhances the system's signal-to-noise ratio. A "cyclic sum" can be used when the incoming video signal can be repeated at some fixed frequency over the entire measurement time. In fonning a SAMPLE F~~P ~
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(8 -12 11m) IMAGE PROCESSOR Figure 1 . Block diagram of thermal diffusivity imaging experimental setup using IR radiometer, image processor and photographic flash lamps. "cyclic sum," data is collected for some fixed number of images (typically 32). The incoming data then repeats in the next collection cycle and each newly digitized image is added to ~ts corresponding image from the previous collection cycle.
To provide the short duration pulse of heat required for the diffusivity measurement, commercially available photographic-type xenon flash lamps were used. Each lamp has an energy output of 6.4 kilojoules and a flash duration of 10 milliseconds. In a typical configuration either one or two lamps would be used depending on heating area requirements. The output of the lamps is synchronized with the beginning of each data collection cycle via the input/output card of the host computer.
Analysis on the resulting time series of thermal images is accomplished by storing the data to disk, transferring it to a computer work station and applying the diffusivity analysis using floating-point mathematics for greater precision. Figure 2 shows the resulting thermal diffusivity images for two reaction bonded silicon nitride samples (Si3N4 / SCS-6). The first sample (Figure 2a ) is without heat treatment an has an interfacial shear strength( 0), determined from fiber pushout tests, of 18.0 MPa. The second sample (Figure 2b ) was heat treated in an 02 flow at 600°C for 100 hours which resulted in a reduction of the interfacial shear strength to 0.8 MPa. The interfacial shear strength in such composites is due to the integrity of the fiber-matrix interface3. The oxidation of the carbon at the interface during heat treatment also results in a greater thermal contact resistance between the fiber and the matrix thus reducing the thermal diffusivity of the material [2] . This change in diffusivity can be seen in the quantitative results produced by this measurement technique.
EXPER~NTALRESULTS
To determine the reproducibility of the measurement a series of 30 measurements were made on a single ceramic composite sample over the course of several days. The standard deviation of the measurement was small compared with the average. The avera~e diffusivity was 0.025 cm 2 /s with a standard deviation in the measurements of O.OOO7cm Is.
This indicates the high degree of measurement reproducibility for this technique.
To further investigate the relationship between the fiber -matrix interface integrity and the thermal diffusivity of the material a series of 20 samples from 3 batches of material were fabricated. Physical dimensions of the samples were 7.5cm. in length, 1.2cm. in width and 0.21cm. in thickness. Materials from each ofthe batches were then heat treated at 3 different temperatures (600°C, 1000°C and 1400°C) for either 1 hour or 10 hours duration. Two of the samples were left as fabricated, with no heat treatment. Figure 3 is a representative collection of thermal diffusivity images from these samples, variations in the thermal diffusivity due to the different heat treatment parameters can be seen in the images. Figure 4 indicates the dependence of the average diffusivity over the entire sample with the heat treatment temperature for both 1 hour ( Figure 4a ) and 10 hour (Figure 4b ) treatment times.
The trends seen in Figure 4 are in good agreement with the current understanding of the protection mechanisms, due to fiber oxidation, that occur during heat treatment of ceramic matrix composite materials [3] .
An additional feature of this technique is its ability to image subsurface defects in materials, these defects appearing as variations in effective diffusivity. Figure 5 shows a example of two SiC/HPSN ceramic matrix composites, one of which was thermally shocked. The resulting decrease in thermal diffusivity due to the thermal shock can be seen in the central region of the sample. As a result of the thermal shock the thickness of the composite increased in the shock region, this effect was corrected for when determining the diffusivity.
CONCLUSIONS
The technique presented provides a noncontacting, rapid, large area, quantitative measurement of the thermal diffusivity for ceramic composites as well a host of other materials. The technique uses the entire time history of the temperature at the back surface of a sample to estimate the thermal diffusivity of the sample at a given point. The result gives a significant increase in the accuracy of the of the thermal diffusivity over conventional techniques. The technique has also been shown effective in characterizing changes in material properties due to heat treatment, thus displaying the potential for a nondestructive technique to measure the interfacial shear strength in ceramic composites. Also the ability to characterize diffusivity changes due to thennal shocking is of great interest in the application of these composites in such things a heat engines. 
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